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Bathochromic shiftmembrane-bound light receptor protein rhodopsin leads to an energy-rich
photostate called bathorhodopsin, which may be trapped at temperatures of 120 K or lower. We recently
studied bathorhodopsin by low-temperature solid-state NMR, using in situ illumination of the sample in a
purpose-built NMR probe. In this way we acquired 13C chemical shifts along the retinylidene chain of the
chromophore. Here we compare these results with the chemical shifts of the dark state chromophore in
rhodopsin, as well as with the chemical shifts of retinylidene model compounds in solution. An earlier solid-
state NMR study of bathorhodopsin found only small changes in the 13C chemical shifts upon isomerization,
suggesting only minor perturbations of the electronic structure in the isomerized retinylidene chain. This is
at variance with our recent measurements which show much larger perturbations of the 13C chemical shifts.
Here we present a tentative interpretation of our NMR results involving an increased charge delocalization
inside the polyene chain of the bathorhodopsin chromophore. Our results suggest that the bathochromic
shift of bathorhodopsin is due to modiﬁed electrostatic interactions between the chromophore and the
binding pocket, whereas both electrostatic interactions and torsional strain are involved in the energy
storage mechanism of bathorhodopsin.
© 2009 Elsevier B.V. All rights reserved.1. IntroductionThe wide range of functions performed by G-Protein Coupled
Receptors (GPCR) is largely responsible for the high level of interest in
this class of proteins by the pharmaceutical industry, with a third to
half of all therapeutic drugs targeting GPCRs. Rhodopsin is the GPCR
responsible for dim-light vision in vertebrates. Bovine rhodopsin is a
prototypical model for GPCRs, and since it was the ﬁrst, and until
recently the only GPCR with a solved crystal structure [1,2], much of
what is known about GPCR structures comes from rhodopsin studies.
Light sensitivity is provided by the 11-Z-retinylidene chromophore
covalently bound to the seven α-helices containing a transmembrane
apoprotein named opsin. The ligand polyene forms a Schiff base
linkage with the Lys296 residue of the 7th helix; the protonated Schiff
base (PSB) is stabilized by what is thought to be a complex counterion
involving the negatively charged carboxylate residue Glu113[3–15].
Upon photon absorption (λmax=498 nm), the 11-Z retinal chromo-
phore isomerizes within 200 fs to form photorhodopsin, which is
transformed within 1ps to the distorted all-E photostate called: +44 23 8059 3781.
ll rights reserved.bathorhodopsin [16]. This starts the transition from the inactive
dark state of rhodopsin through a series of spectrally distinct
photointermediates to reach the unprotonated meta-II conformation
and activate the signalling process leading to vision [17].
Even though rhodopsin has been extensively studied by optical
spectroscopy [3,7,17–19], FT-IR [4,20–28], Raman spectroscopy
[7,16,29–33], NMR [6,9,10,34–44], X-ray diffraction [1,2,5,45–49], and
quantum chemistry computations [12,29,50–60], there is still debate
about how the protein pocket assists the photoisomerization process.
In particular the initial protonation state of another carboxylate
residue Glu181, is the central point of a controversy opposing two
models for the detailed photoactivation mechanism. A “counterion
switch” model has been suggested [7] that proposes that the Glu181
residue on the second extracellular loop acts as the primary proton
acceptor from the Schiff base during the photoactivation. Glu181
being neutral and protonated in the dark state transfers a proton
through a H-bond network involving two water molecules, Ser186,
and Glu113 as the ﬁnal proton acceptor. This model was later
challenged by Fourier transform infrared (FT-IR) studies that suggest
Glu181 and Glu113 are both in a charged deprotonated state during
the dark state, thus preventing a counterion switch [4]. Instead it was
suggested that both sites operate in a “complex counterion” with
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the later photointermediate states Glu181 becomes the primary
counterion with some contribution by Glu113. This would originate
from a rearrangement of internal hydrogen bond networks occurring
during photoactivation. Quantum-chemical calculations have yielded
evidence in favor of either model [4,5,11,12,50,55,57,61–63].
Bathorhodopsin is formed within 1 ps. It is the ﬁrst thermally
equilibrated intermediate of the photocycle and can be trapped below
120 K. It stores about two thirds of the exciting photon energy
(35kcal) [64,65] and its UV-visible absorption spectrum (λmax=
529 nm) is red shifted with respect to rhodopsin. The mechanism of
energy storage inside this photointermediate, as well as the origin of
its bathochromic shift, are closely related to the mechanism and
pathway of photoactivation. Here again a general consensus has not
yet been reached. The ﬁrst model proposed in 1979 by Honig et al. [66]
suggested that the 11-Z to All-E photoisomerization results in a
separation of the positively charged PSB from its counterion in
bathorhodopsin. FT-IR spectroscopy studies [20–25] showed that a
hydrogen bonded water network involving Glu113 is signiﬁcantly
modiﬁed upon formation of Bathorhodopsin. Nevertheless, the E113Q
and S186Amutations in rhodopsin only have a minor effect on the red
shift in the corresponding bathorhodopsin absorption spectra [3,18].
The large body of Raman data has rather been interpreted as indicative
for intramolecular strain to be a major contributor to the energy
storage [7,16,29–33,67–72]. Recent X-ray crystal structures provide
more detailed structural models for rhodopsin [1] and bathorhodop-
sin [45]. Due to their limited resolution, these structures do not
provide direct clues for the energy storage mechanism, but they do
provide a very useful framework for hybrid quantum mechanical/
molecular mechanical (QM/MM) [54,56], molecular dynamics (MD)
[58], and density functional theory (DFT) [29,59] calculations. These
calculations led to several models assessing the respective contribu-
tions of intramolecular strain, electrostatic interaction, and chromo-
phore/protein van der Waals interactions to the energy storage
mechanism.
Solid state NMR measurements on rhodopsin photointermediates
provide chemically resolved data on the chromophore from which
precise information on electronic charge distribution can be derived;Fig. 1. Double-quantum-ﬁltered 13C NMR spectra of (a) [9,10-13C2] (b) [11,12-13C2] (c) [12,13
and (h) are acquired on the same samples, respectively, but after 12 h of illumination at 420
120 K and for a magic-angle spinning frequency of 7.00 kHz (+/−50 Hz). The positions of
reference [34]. Copyright 2008 American Chemical Society.thismay be very valuable for testing the differentmodels suggested by
computational methods. Unfortunately, an early attempt to measure
13C chemical shifts in bathorhodopsin [40] appears to have been
methodologically ﬂawed. We recently obtained quite different 13C
chemical shift data on bathorhodopsin by using custom-built hard-
ware, allowing careful control of the sample temperature and
illumination protocol, combined with modern double-quantum
NMR techniques which allow the retinylidene 13C signals to be
observed selectively [34]. The mechanistic conclusions drawn from
the earlier solid-state NMR study, which detected only small chemical
shift changes between rhodopsin and bathorhodopsin [40], must
therefore be reassessed.
In our study ﬁve 13C2-labelled rhodopsin isotopomers were
prepared by incorporation of 13C2-labelled retinals into the native
bovine opsin apoprotein, contained in a natural membrane
environment. The excess of retinal was extracted with cyclodextrin
and the associated loss of lipids was compensated for by adding
lipid in a subsequent step as described in reference [35]. The
chemical shifts were ﬁrst measured in the dark, and rhodopsin was
then partially photo-isomerized to bathorhodopsin (efﬁciency
∼35%) at Tb120 K by 12 h of illumination at a wavelength of
420+/−5 nm. The conversion of rhodopsin to bathorhodopsin was
restricted by the limited penetration of light into the optically-
dense samples. The procedure we developed ensures that, to a
good approximation, rhodopsin and bathorhodopsin are the only
two species contributing to the 13C spectra obtained after
illumination of the rotor. A combination of 1H-13C cross-polariza-
tion, magic-angle sample spinning, and the symmetry-based R2029
double-quantum recoupling sequence [73] allowed the 13C signals
shifted by more than 2 ppm upon isomerization to be clearly
resolved. Partially overlapped signals were resolved by spectral
deconvolution and ﬁtting of the spectra. Performing the experi-
ments at 7 kHz MAS frequency cleared the spectral region of
interest (115–170 ppm) of any spinning sidebands. The spectra
acquired on [9,10-13C2], [11,12-13C2], [12,13-13C2], [14,15-13C2] reti-
nylidene rhodopsin are shown in Fig. 1. In most cases, the relative
intensities of the signals were enough to assign the new signals;
remaining ambiguities in the assignments of the bathorhodopsin-13C2] (d) [14,15-13C2] -retinylidene rhodopsin before illumination. Spectra of (e),(f),(g)
nm (+/−5 nm). All spectra were acquired at a sample temperature in the range 100–
the bathorhodopsin signals are indicated by asterisks. Adapted with permission from
Table 1
13C chemical shifts of rhodopsin and bathorhodopsin [6], and the (11-Z) and (all-E)
retinylidene protonated Schiff base model compounds in CDCl3 solution (Fig. 2c and d;
R= propyl, X−=Cl−).
13C site 13C isotropic chemical shifts (ppm)
Rhodopsin Bathorhodopsin 11-Z-RPSB [75] All-E-RPSB [75]
9 148.9 149.6 146.6 145.5
10 127.9 137.3 126.4 129.5
11 141.4 144.4 137.5 137.6
12 131.8 132.8 129.1 133.3
13 167.4 171.2 162.7 162.4
14 122.3 117.5 121.3 119.7
15 165.4 164.4 163.9 162.9
The model compound chemical shifts are referenced to TMS. All rhodopsin and
bathorhodopsin chemical shifts have a conﬁdence limit of +/−0.5 ppm and are
referenced indirectly using the rhodopsin shift data in [37]. [Note: the conﬁdence limits
of the model compound shifts are better than 0.5 ppm].
Fig. 3. 13C chemical shifts of bathorhodopsin (ﬁlled triangles and solid line), rhodopsin
(ﬁlled diamonds and solid line), (All-E)retinylidene propyliminium chloride (open
triangles and broken line) and (11-Z) retinylidene propyliminium chloride (open
diamonds and broken line). The 13C numbering is consistent with Fig. 2c and d where
R=propyl, X−=Cl−. Numerical data is given in Table 1.
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isotopomers. Using spectra of samples having one label in common
allowed us to reconﬁrm and unambiguously assign the generated
bathorhodopsin signals. The generated signals shifted upon warm-
ing the sample above 130 K due to relaxation of the protein to its
next conformational state lumirhodopsin; this supports their
assignment as belonging to bathorhodopsin. Table 1 lists the
isotropic 13C chemical shifts of rhodopsin and bathorhodopsin as
measured in our study [34].
Retinylidene PSB salts (RPSB) have commonly been used in the
literature as reference models to evaluate the inﬂuence of the protein
environment on the retinylidene ligand [6,9,10,36,37,40,74]. In this
study we employ All-E(N-retinylidene)propylimine chloride as a
reference for the bathorhodopsin chromophore, and 11-Z(N-retinyli-
dene)propylimine chloride as a reference for the rhodopsin chromo-
phore (Fig. 2). The nonpolar solvent CDCl3 ensures that the Cl−
counterion stays close to the PSB without perturbing directly the 13C
chemical shifts of the retinylidene polyene chain. The 13C chemical
shifts of the model ligands measured in CDCl3 solution [75] are given
in Table 1.
2. Results and discussion
Fig. 3 plots the 13C isotropic chemical shifts given in Table 1. All
compounds present an alternating pattern where the odd-numbered
13C sites are less shielded than their even-numbered neighbours. This
difference is particularly marked for the 13C sites which are close to
the positively charged nitrogen of the PSB. It has been shown [9,60]Fig. 2. Schematic structures of the retinylidene protonated Schiff base chromophores (RPSB)
model compounds, (d) All-E-retinylidene-PSB model compounds. R represents an alkyl sid
rhodopsin is shown by an ellipse in (a) and (b). The conventional carbon numbering schemthat this pattern originates from a partial delocalization of the positive
charge into the polyene chain, the delocalized charge being stabilized
on the odd-numbered carbons. In turn, the partial stabilization of
positive charge on the odd-numbered positions induces to a lesser
extent negative charge polarization on the even-numbered positions
via coulomb interaction [76]. Thus charge delocalization into the
polyene chain induces downﬁeld shifts (i.e. deshielding) on the odd-
numbered carbons and smaller upﬁeld shifts (i.e. shielding) on the
even-numbered 13C NMR signals of the retinylidene chain. Just by
looking at the raw data (Fig. 3), it already seems obvious that the 13C
chemical shift of C10 in bathorhodopsin must reﬂect a particular
feature of the early photointermediate.While for this site the chemical
shifts of rhodopsin and the model compounds are quite closely
distributed within a 3 ppm window, bathorhodopsin C10 stands out
by appearing strongly shifted in the deshielding direction
(downﬁeld).
The changes in chemical shifts upon isomerization from the 11-Z to
All-E conﬁguration are called isomerization shifts, and are denoted as
follows:
Δδisom = δðall EÞ− δð11 ZÞ: ð1Þ
These shifts are plotted separately for the odd-numbered and
even-numbered carbons in Fig. 4. For the compounds in solution
(Fig. 4a), the isomerization has no signiﬁcant effect on the odd
positions. However, the 13C chemical shifts of the even positions closeand their counterions in: (a) rhodopsin, (b) bathorhodopsin, (c) 11-Z-retinylidene-PSB
e chain and X− a negatively charged counterion. The putative “complex counterion” of
e is shown for the end of the retinylidene chain.
Fig. 4. (a) 13C isomerization shifts (Δδisom=δ(all-E)−δ(11-Z)) for protonated Schiff
base model compounds in CDCl3 solution. The compounds are given in Fig. 2c and d,
with R=propyl and X−=Cl−. (b) 13C Isomerization shifts for the chromophore inside
the protein (Δδisom=δ(bathorhodopsin)−δ(rhodopsin)). Distinction is made between
even (ﬁlled symbols) and odd (open symbols) carbon positions.
Fig. 5. (a) 13C ligation shiftsΔδlig(rho)=δ(rhodopsin)−δ(11-Z-free) for rhodopsin. The
δ(11-Z-free) values are for the compound in Fig. 2c in CDCl3 solution, with R=propyl
and X−=Cl−. (b) 13C ligation shifts Δδlig(batho)=δ(bathorhodopsin)−δ(all-E-free)
for bathorhodopsin. The δ(all-E-free) values are for the compound in Fig. 2d in CDCl3
solution, with R=propyl and X−=Cl−. Distinction is made between even (ﬁlled
symbols) and odd (open symbols) carbon positions.
1353A. Gansmüller et al. / Biochimica et Biophysica Acta 1788 (2009) 1350–1357to the isomerization region are slightly shifted in the deshielding
direction (downﬁeld) by 3–4 ppm. It appears that the geometrical
change in conﬁguration affects exclusively the even-numbered 13C
sites. For the protein, on the other hand (Fig. 4b), the isomerization
patterns are different. Here the isomerization also inﬂuences the odd
positions and, except for C15, all of them shift downﬁeld, with C13
experiencing the biggest shift of 4 ppm. In the case of the even
positions, C14 is strongly shifted upﬁeld while C10 experiences the
biggest shift of all: 10 ppm in the deshielding direction (downﬁeld).
This indicates that the changes in 13C chemical shifts on the photo-
isomerization of rhodopsin to bathorhodopsin cannot be explained by
the conﬁgurational change alone, and must also involve larger-scale
changes in the conformation of the ligand and its interactions with the
protein binding pocket.
A comparison of the 13C chemical shifts for the bound ligand inside
the protein pocket and a comparable free ligand in a non polar solvent
helps in understanding how the ligand properties are inﬂuenced by
the interactions with the protein. The changes in the 13C chemical
shifts induced in the ligand after settling in the binding pocket are
dubbed the “ligation shifts”. In Fig. 5 we plot these ligation shifts for
the 11-Z and all-E conﬁgurations of the RPSB. In Fig. 5a the ligation
shift
ΔδligðrhoÞ = δðrhodopsinÞ− δð11 Z RPSBÞ ð2Þ
is shown, where the reference 11-Z-RPSB model compound refers to
Fig. 2c with R=propyl and X−=Cl−, in CDCl3 solution. In Fig. 5b the
ligation shift
ΔδligðbathoÞ = δðbathorhodopsinÞ− δðAll E RPSBÞ ð3Þ
is shown, where the reference all-E-RPSB model compound refers to
Fig. 2d with R=propyl and X−=Cl−, in CDCl3 solution. The possible
origins of the ligation shifts are (1) protein/ligand electrostatic
interactions, and (2) geometrical changes of the polyene chain induced
by steric interactions between the ligand and the opsin pocket.
It has been shown on series of RPSB models that the odd-
numbered 13C chemical shifts along the retinylidene chain aresensitive to the nature and position of the counterion. The strength
of the counterion (i.e. the magnitude and degree of localization of the
negative charge) modulates the penetration of the PSB positive charge
into the polyene. For example, a strong negatively charged counterion
stabilizes positive charge in its proximity [76]. As discussed above, the
delocalized positive charge is stabilized on the odd-numbered carbons
inducing a polaron-like conjugation defect which decreases their
shielding [57]. Hence for reduced PSB/counterion interactions, the
positive charge is less restricted to the nitrogen of the PSB, shifting the
odd-numbered carbons in the deshielding direction (downﬁeld). The
odd-numbered-13C chemical shift data in Fig. 4 therefore suggests that
the penetration of positive charge into the polyene chain is increased
for bathorhodopsin relative to rhodopsin, and that this positive charge
has a tendency to be located in the vicinity of C13, in both cases. Using
a conversion factor of +155 ppm/unit charge [9], a total positive
charge of about 0.4 and 0.5 electronic equivalents had been estimated
to be delocalized inside the polyene chains of the 11-Z-RPSB model
and rhodopsin compounds respectively. According to the cumulative
changes of the polyene 13C chemical shifts inside bathorhodopsin, the
total of delocalized positive charge increases to 0.56 electronic
equivalents after photoisomerization.
It has been found that the summed 13C chemical shifts of the
odd-numbered polyene carbons in retinylidene model compounds
have a linear relationship with the frequency of maximum optical
absorption, νmax, and that the 13C chemical shifts in rhodopsin
adhere to the same relationship [9]. This relationship is attributed
to the fact that the penetration of positive charge from the PSB into
the polyene chain inﬂuences the chemical shifts of the odd-
numbered 13C sites, as discussed above, and simultaneously
modulates the HOMO-LUMO gap [60]. The degree of positive
charge penetration is inﬂuenced by the nature of the negative
counterion. The relevant correlation is shown in Fig. 6 in which the
frequency of maximum optical absorption νmax is plotted against
Σδodd, the summed 13C chemical shift for the odd-numbered
carbons (C9, C11, C13 and C15) of several (11-Z) and (All-E)-
Fig. 7. Double difference plot illustrating the difference in 13C retinylidene ligation shifts
between bathorhodopsin and rhodopsin. For comparison, the data from [40] are plotted
in green line and circles. Distinction is made between even (ﬁlled symbols) and odd
(open symbols) carbon positions.
Fig. 6. The frequency of maximumvisible absorption νmax plotted against the sum of the
C9, C11, C13 and C15 13C chemical shifts for the following cases: (A) unprotonated all-E-
SB with R=propyl [75]; (B) unprotonated 11Z-E-SB with R=propyl [75], (C) all-E-PSB
with R=propyl, X−=Cl− [75], (D) all-E-PSB with R=tert-butyl, X−=ClO4− [41]; (E)
all-E-PSB with R=tert-butyl, X−=CF3SO3− [74]; (F) 11-Z-PSB with R=propyl, X−=Cl
− [75], (G) 11-Z-PSB with R=propyl, X−=Br− [12]; (H) 11-Z-PSB with R=tert-butyl,
X−=ClO4− [74]; (I) 11-Z-PSB with R=propyl, X−=F3AcO− [75]; (J) all-E-PSB with
R=butyl, X−=CF3SO3− [74]; (K) Rhodopsin; (L) Isorhodopsin [77]; (M) Bath-
orhodopsin. The line represents the linear least-squares ﬁt to all points.
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counterion negative charge leads to correlated changes in the
position of the optical absorption maximum and the summed odd-
numbered 13C chemical shifts. This plot also shows that the
conﬁguration of the polyene chain has a rather minor effect on
this linear relationship.
As discussed in [9], the optical properties and 13C chemical shifts of
rhodopsin ﬁt on the same straight line as the retinylidene model
compounds. The position of the rhodopsin data (point K) suggests
that the counterion in rhodopsin is weaker and more diffuse than for
any of the PSB model compounds, leading to a higher penetration of
the positive charge into the polyene chain, which gives rise in turn to
relatively strong deshielding shifts for the odd-numbered 13C sites as
well as a strong bathochromic shift upon ligation.
As shown in Fig. 6, the new bathorhodopsin data (point M)
follows this correlation as well, but with an even more extreme
bathochromic optical shift and corresponding inﬂuence on the 13C
chemical shifts for the odd-numbered sites. This strongly suggests
that the stabilizing inﬂuence of the negative counterion on the
positive charge of the protonated Schiff base, which is already
relatively weak for rhodopsin, is reduced even further for bath-
orhodopsin. This also suggests that the bathochromic shift
originates in changes of the counterion strength. The weakening
of the counterion could originate from an increased dispersion of
its negative charge inside the H-bonded network running along the
polyene chain (e.g. by stronger contribution of the Glu181 residue).
The X-ray structure of bathorhodopsin [1,45] suggests a small
displacement (0.03 Å) of the Glu113 counterion away from the
positively charged Schiff base nitrogen, which may contribute to a
weakening of the counterion as well. This would tend to increase
further the penetration of the positive charge into the polyene
chain. The data in Fig. 5 suggest that the partially delocalized
positive charge resides in the vicinity of C11 to C13.
Point L represents the 9-Z isomer isorhodopsin. Although it ﬁts the
general pattern quitewell, it displays an optical shift that is slightly out of
line with the sum of the odd-numbered 13C shifts of the other
chromophores. A potential explanation has been offered [36], but a
higher resolution crystal structure than currently available [77] and
detailedquantumcalculations are required toexplain thisminoranomaly.
Previous NMR chemical shift studies suggested that a complex
counterion network in the protein could be mainly responsible for
the ligation shifts of the rhodopsin chromophore (Fig. 8) [9,10,12].
An empirical relationship between νmax and the PSB/counterion
distance [10,78,79] was established for a series of (11-Z) and (All-
E)-RPSB models. Accordingly the effective centre-to-centre distancebetween the PSB nitrogen and the counterion can be estimated to
0.55±0.01 nm for bathorhodopsin while it was 0.44±0.01 nm for
rhodopsin. Since these effective distances are larger than the
Glu113-Carboxy to PSB nitrogen distance derived from the pub-
lished crystal structures (bathorhodopsin 0.39 nm; rhodopsin
0.36 nm) [1,45], this contributes to converging evidence for a
complex type of counterion which would be centred further away
from the Nitrogen PSB in bathorhodopsin. This distance increase
would cause the protein to undergo a dielectric response after
photoisomerization and thus the increase would contribute to the
energy storage inside the bathorhodopsin chromophore by a charge
separation mechanism.
As explained earlier, the increase of positive charge delocaliza-
tion on the odd-numbered carbons is expected to induce small
upﬁeld ligation shifts on the even 13C position. Nevertheless this
does not apply to the ligation shifts in rhodopsin as can be seen in
Fig. 5a. On the contrary, the even 13C ligation shifts are all shifted
downﬁeld with C12 experiencing the biggest shift of about 3 ppm.
Semiempirical molecular orbital calculations [12] suggested that the
anomalous downﬁeld ligation shifts of the even carbons in
rhodopsin can be reproduced by placing a carboxylate oxygen
3.0 Å above carbon C12, in agreement with early NMR data [44]. As
suggested again later by NMR distance measurements [6], Ab-initio
modelling [57], and QM/MM calculations [51] this points towards a
complex type counterion spread over a hydrogen bonded network
running along the polyene chain. Reference [12] also suggested that
these anomalous upﬁeld shifts cannot simply be attributed to a
change in the C11C12C13C14 torsion angle. This appears to be
inconsistent with Fig. 4a where even larger downﬁeld shifts on
even-numbered 13C are observed on simple 11-Z/All-E isomeriza-
tion with no plausible negative charge mechanism. Hence it cannot
yet be ruled out that these shifts could originate from distortions in
the rhodopsin polyene chain.
In bathorhodopsin the ligation pattern for the even-numbered 13C
sites changes drastically. Consistently with an increased charge
delocalization C14 and C12 experience the expected small upﬁeld
ligation shifts, but this time C10 experiences a striking and
unexpected 8 ppm downﬁeld ligation shift. It seems that the
perturbation that affected all the even-numbered positions in
rhodopsin, after isomerization focuses its effects exclusively on C10.
We tentatively attribute this to a localized strong torsion of the
polyene in the C10 region, but we cannot yet exclude that a
modiﬁcation of the complex counterion network in bathorhodopsin
would produce a similar effect.
3. Conclusion
The double difference plot of Fig. 7 summarizes our results. It
shows the difference in ligation shifts between rhodopsin and
bathorhodopsin and represents the change in the protein/ligand
Fig. 8. Retinylidene chromophore and its suggested complex H-bonded counterion network in (a) rhodopsin and (b) bathorhodopsin. The network pictured here includes 2 water
molecules situated within 5 Å of the chromophore. The structural information is taken from the Protein Structural Database, code 1U19 for rhodopsin [1] and code 2G87 for
bathorhodopsin [45].
1355A. Gansmüller et al. / Biochimica et Biophysica Acta 1788 (2009) 1350–1357interactions just after the primary photochemical event. In a previous
NMR study [40] the differences in 13C ligation shifts were quite limited
(less than 2 ppm, circles in Fig. 7), and it was concluded that the
electronic interactions between the protein and the chromophore
were very similar in rhodopsin and bathorhodopsin. Our results are
very different; the chemical shifts of the odd-numbered 13C sites
suggest an increased positive charge delocalization into the polyene
chain in bathorhodopsin, while the even-numbered 13C shifts suggest
strong perturbations due to torsional strain, especially marked at
position C10. This indicates that both electrostatic interactions and
torsional strain are involved in the energy storage mechanism of
bathorhodopsin. Even if our results are consistent with modiﬁed
ligand/counterion interactions being responsible for the red shift in
bathorhodopsin, it could still be possible that polyene torsion
produces a shift effect on top of the charge effect. Quantum-chemical
studies are still necessary to evaluate the effects of polyene torsion on
the 13C chemical shifts.
The recently published crystallography based model of bath-
orhodopsin [45,54] shows that the distance of the charged Glu113
residue to the PSB nitrogen is slightly increased by around 0.03 nm,
whereas its distance to a neighbouring water molecule is reduced
by 0.09 nm, which agrees with FT-IR studies [23–25]. It also shows
that upon isomerization, the distance from carbons C12 and C14 to
residues involved in the H-bonded network (Glu113-Ser186-H2O-
Glu181, according to literature) increases (Fig. 8). This is in partial
agreement with our results since it is consistent with an increased
delocalisation of the positive charge into the polyene and explains
the “normal” behaviour of the C12 and C14 ligation shifts in
bathorhodopsin. The crystal structure shows no evidence of a polar
residue approaching the C10 site in bathorhodopsin. Its strong
isomerization shift is probably due to localized distortion of the
polyene rather than stabilization of a positive charge. Detailed
quantum-chemical calculations should be able to shed light on this
issue.
Now that we are able to control in situ isomerization of the
chromophore inside the protein it should be possible to gather more
NMR data, including 15N chemical shift measurements, and acquire
structural information including 13C–13C distances and torsional
angles as has been done before on rhodopsin [6,35,38,39]. Several
QM/MM calculation studies have tried to explain the photoisome-
rization process of rhodopsin [50,51,55,56]. Some have predicted the
13C chemical shifts of bathorhodopsin, but these data do not yet
correlate very well with our experimental data. This stresses the
importance of obtaining reliable and precise experimental data from
X-ray diffraction and solid-state NMR as a basis for validating and
improving future QM/MM and DFT calculations in order to elucidatethe mechanism of this biologically remarkably optimized photo-
chemical process.
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